The RHIC resistive wall coupled bunch instability is reviewed for gold and proton beams at the injection, top energy, and storage. The gold beam around the transition is also discussed. The strongest resistive wall coupled bunch instabilities are at the injection, for both gold and proton beams. With proper set-up of the machine chromaticity, however, most of these instabilities can be eliminated, or significantly reduced.
Introduction
One of the primary concerns of the RHIC transverse coupled bunch instability is the resistive wall impedance caused instability [1, 2] . In general, the resistive wall may also cause a single bunch instability. This type of instability will not happen at the RHIC, because the fractional tune is 0.2, which is smaller than the half integer. On the other hand, the coupled bunch mode instability has chance to develop under certain conditions, such as an unfavorable chromaticity.
The transverse coupled bunch mode is determined by (nM + ν + n c )f 0 , where f 0 is the revolution frequency, n is an integer, M is the bunch number, ν is the tune, and n c is the coupled bunch mode number. At the negative frequency, the real part of the resistive wall impedance is negative. Coupled with the beam, the negative real impedance can excite beam instabilities. Since the wall impedance is proportional to 1/ √ ω, the coupled bunch mode sampling the closest negative frequency to zero will be dominant. Taking the RHIC horizontal tune ν x = 28.2, and let n = −1, then the coupled bunch mode n c = 31 gives rise to the sampling frequency (−60 + 28.2 + 31) f 0 = −62.56 kHz for 60 bunches and f 0 = 78.2 kHz. The real part of the wall impedance at the frequency of −62.56 kHz is −6.55 M Ω/m. In this note, the resistive wall coupled bunch instability for 60 bunches of gold and proton beams at the injection, top energy, and storage will be reviewed. One of the most critical parameters, the chromaticity, is considered in a reasonable range, and both azimuthal mode m = 0 and m = 1 are included. The situation of the gold beam at the transition, with the gamma jump, is also discussed. The fastest possible growth time is at the proton beam injection, which is 16.1 ms. With the usual chromaticity at the proton beam injection, which is slightly positive, this instability can be eliminated. The coupled bunch instability of the gold beam around the transition, with the gamma jump, poses no serious problem. On the other hand, the relatively weak instability of m = 1 mode at the high energy, with the positive chromaticity, may need to be observed.
Resistive wall Impedance
Assuming a smooth cylindrical vacuum chamber, the longitudinal and transverse resistive wall impedances are,
and
where Z 0 is the impedance in free space, 377 Ω, b is the radius of the vacuum chamber, R is the machine radius, and ω 0 = 2πf 0 . The skin depth at the frequency ω is defined as,
where ρ is the resistivity of the vacuum chamber, for stainless steel we take ρ = 1 × 10
−6
Ωm for warm, ρ = 0.5 × 10
Ωm for cold regions, and µ 0 = 4π × 10
H/m is the permeability of free space.
For RHIC, R = 610.175 m, and the beam pipe diameter is 6.91 cm for cold region of 2,955 m, 12.28 cm for warm region of 879 m. At the revolution frequency 78.2 kHz, we get the average δ s = 1.27 mm, δ s = 1.80 mm, for the cold and warm region, respectively. The longitudinal and transverse resistive wall impedances at the revolution frequency are
Coupled Bunch Instability
The following equation is used to calculate the coupled bunch instability,
where the beam current I 0 is defined for the number of charges per bunch,
Also Z T (n) is the transverse impedance at the sampling harmonic of nf 0 .
In the beam power spectrum h m (n ), n represents the chromatic effect in frequency domain. For the RHIC, the average β ⊥ function at IR is about 70 m, and at the arc it is about 30 m. The IR occupies about 1,000 m, and the arcs about 2,834 m, we thus take the average β ⊥ function of the ring asβ ⊥ = 40 m.
For a Gaussian distribution, the power spectrum of the first orthogonal polynomial of the m = 0 mode is
where σ τ is the rms bunch length in second. For m = 1 mode, the first order approximation of Bessel function yields,
The derivation of the Gaussian beam power spectra is shown in the Appendix. In Fig.1 , the mechanism of coupled bunch instability is illustrated, where the beam power spectra of m = 0 and m = 1, the resistive wall impedance, and the sampling of the coupled bunch mode n c = 31 are shown. The chromaticity in Fig.1 is zero.
In the calculation, the beam power spectrum is shifted by the chromatic frequency f ξ , represented by
where
and the chromaticity is normalized, i.e.,
where p and ∆p are the beam momentum, and momentum spread, respectively. 
Gold beam
The gold beam parameters are shown in Table 1 , where h is the harmonic number, and σ is the bunch length in meter. Table 1 In Fig.2 , the gold beam resistive wall coupled bunch instability is shown for the injection, top energy, and the storage. Positive region represents damping, and negative is antidamping, all in the unit of 1/sec. We may observe that
• The fastest growth time of 35.4 ms occurs at the injection, with the chromaticity of ξ ≈ 0.074. Together with other considerations, such as the broadband impedance induced instabilities, the chromaticity at the injection has to be slightly negative, therefore, this instability is not expected to happen.
• For negative chromaticity, the m = 1 mode is not stable, with the fastest growth rate of 250 ms at ξ ≈ −0.08. This instability, however, might be Landau damped.
• At the top energy and storage, the positive chromaticity in general satisfies the m = 0 mode stability. However, the m = 1 mode stability condition might be violated at the positive chromaticity, but with slow growth rate.
For 60 bunches in the ring, there are total 60 coupled bunch modes. The mode n c = 31 is the dominant one in terms of the growth rate. In Fig.3 , this will last for about 200 ms, therefore, the fastest growth rate of about 60 ms might be tolerable. By swiftly changing the chromaticity, even this instability can be avoided.
Proton beam
In Table 2 , the relevant proton beam parameters are shown.
In Fig.5 , the resistive wall coupled bunch instability with mode n c = 31 is shown. We note,
• The fastest growth time is again at the injection, with the slightly negative chromaticity, it is 16.1 ms. Setting a slightly positive chromaticity, this instability will not happen.
• At the top energy and the storage, the mode m = 1 needs again to be Table 2 4 Summary
The largest growth rate of the mode m = 0 is shown in Table 3 . In general, these unstable conditions can be avoided, simply using the rule of negative chromaticity below the transition, and positive above. Table 3 . Largest growth rate for Gold and proton beams
The most critical resistive wall coupled bunch instability is at the injection, for both gold and proton beams. In Table 4 , the growth and damping rate with respect to the chromaticity is shown. With a setup of ξ = −0.2 at the gold beam injection, and ξ = 0.1 at the proton beam injection, both m = 0 and m = 1 modes will be stable. 
where r is half bunch length in radius, or twice the rms bunch length. The beam spectrum is defined as,
where the transverse weight function is,
and the orthogonal polynomials are defined as, 
where the following equation [3] is used, 
